Objective: To investigate the effects of N-acetylcysteine (NAC) and pentoxifylline in a model of remote organ injury after hind-limb ischemia/reperfusion (I/R) in rats, the lungs being the remote organ system. Methods: Thirty-five male Wistar rats were assigned to one of five conditions (n = 7/group), as follows: sham operation (control group); hind-limb ischemia, induced by clamping the left femoral artery, for 2 h, followed by 24 h of reperfusion (I/R group); and hind-limb ischemia, as above, followed by intraperitoneal injection (prior to reperfusion) of 150 mg/kg of NAC (I/R+NAC group), 40 mg/kg of pentoxifylline (I/R+PTX group), or both (I/R+NAC+PTX group). At the end of the trial, lung tissues were removed for histological analysis and assessment of oxidative stress. Results: In comparison with the rats in the other groups, those in the I/R group showed lower superoxide dismutase activity and glutathione levels, together with higher malondialdehyde levels and lung injury scores (p < 0.05 for all). Interstitial inflammatory cell infiltration of the lungs was also markedly greater in the I/R group than in the other groups. In addition, I/R group rats showed various signs of interstitial edema and hemorrhage. In the I/R+NAC, I/R+PTX, and I/R+NAC+PTX groups, superoxide dismutase activity, glutathione levels, malondialdehyde levels, and lung injury scores were preserved (p < 0.05 for all). The differences between the administration of NAC or pentoxifylline alone and the administration of the two together were not significant for any of those parameters (p > 0.05 for all). Conclusions: Our results suggest that NAC and pentoxifylline both protect lung tissue from the effects of skeletal muscle I/R. However, their combined use does not appear to increase the level of that protection.
INTRODUCTION
Re-establishing perfusion in a tissue after a period of ischemia worsens the initial ischemic injury. This process is known as ischemia/reperfusion (I/R) injury.
(1) Such injury constitutes an important clinical event and is common in the lower extremities. Although restoration of blood flow can save the extremity, it can also result in multiple organ dysfunction syndrome. (2) For example, I/R of a lower limb leads to noncardiogenic pulmonary edema by means of pulmonary vasoconstriction, pulmonary hypertension, and increased alveolar membrane permeability. (3) Pulmonary dysfunction after I/R injury of a lower extremity continues to be a major cause of morbidity and mortality. (4) Previous studies have suggested that oxygen free radicals, inflammatory mediators, and, especially, neutrophils play an important role in the development of lung injury related to I/R in a lower limb. (5, 6) Various agents have been reported to reduce remote lung injury after hind-limb I/R in rats. (7) (8) (9) N-acetylcysteine (NAC) is an antioxidant that acts by increasing intracellular levels of glutathione, as well as by direct scavenging of reactive oxygen species (ROS) such as hypochlorous acid, hydrogen peroxide, superoxide, and hydroxyl radical. (10) Pentoxifylline, a nonspecific phosphodiesterase inhibitor, has been shown to improve tissue oxygenation and endothelial function as well as inhibiting pro-inflammatory cytokine production. (11) Pentoxifylline also inhibits cell proliferation and extracellular matrix accumulation. (12) Therefore, in the present study, we evaluated the possible involvement of oxidative stress in skeletal muscle I/R-induced lung injury in rats by examining the effects of pentoxifylline, NAC, and the combination of the two.
METHODS
All experimental procedures were performed in accordance with established guidelines for the ethical treatment of experimental animals, and the study was approved by the Institutional Animal Care and Use Committee of the Islamic Azad University School of Veterinary Medicine, in the city of Tehran, Iran.
Thirty-five healthy adult male Wistar rats, 90-120 days of age and weighing 250-350 g, were purchased from the Pasteur Institute of Iran. The animals were housed in a temperature-and humidity-controlled environment (22 ± 1°C; relative humidity, 50 ± 5%), on a 12/12-h light/dark cycle, with ad libitum access to a commercial pellet diet and filtered tap water. The animals were randomly divided into five experimental groups of seven rats each: an I/R group, in which the animals were subjected to 2 h of hind-limb ischemia, induced by clamping the left femoral artery, followed by intraperitoneal administration of 2 mL of 0.9% saline solution and 24 h of reperfusion; a sham-operated (control) group, in which the animals were subjected to all surgical procedures except arterial occlusion and also received 0.9% saline (2 mL, i.p.); an I/R+NAC group, in which the animals were subjected to I/R, as described above, and received 150 mg/kg of NAC in 0.9% saline solution (i.p., in a total volume of 2 mL); an I/R+PTX group, in which the animals were subjected to I/R, as described above, and received 40 mg/kg of pentoxifylline in 0.9% saline solution (i.p., in a total volume of 2 mL); and an I/R+NAC+PTX group, in which the animals were subjected to I/R, as described above, and received a combination of NAC and pentoxifylline (at the doses listed above) in 0.9% saline solution (i.p., in a total volume of 2 mL).
The rats were weighed, after which they were anesthetized with a combination of ketamine hydrochloride 10% and xylazine hydrochloride 2% (i.m., 50 mg/kg and 10 mg/kg, respectively). The animals were placed on a warming pad, in dorsal recumbency, their thoraces and hind limbs immobilized with adhesive tape. After aseptic surgical preparation, 250 IU of heparin were administered via the jugular vein (in order to prevent clotting) and a skin incision was made on the medial surface of the left hind limb. After isolating the left femoral artery from the surrounding tissues, we induced ischemia by using a microvascular clamp to occlude the artery for 2 h. Throughout the period of ischemia, the animals were maintained in dorsal recumbency and remained anesthetized (additional doses given as necessary). Body temperature was monitored with a rectal thermometer. At the end of the period of ischemia, the clamp was removed and the surgical site was routinely closed with 4/0 polypropylene sutures. Animals in the control group underwent a similar surgical procedure, although without arterial occlusion. The rats subjected to ischemia then underwent 24 h of reperfusion. Throughout the periods of ischemia and reperfusion, the animals received noninvasive ventilatory support.
At the end of the experimental period, all of the rats were euthanized with an overdose of pentobarbital (300 mg/kg, i.p.) and the lungs were removed en bloc. The left lungs were immersed in 10% formalin solution, and the right lungs were stored at −20°C for subsequent biochemical analysis. The lung tissue homogenate and supernatant samples were prepared as described by Yildirim et al. (13) Malondialdehyde levels, superoxide dismutase (SOD) activity, and glutathione levels were measured in the right lungs, whereas samples of the left lungs were submitted to histopathological evaluation under light microscopy.
Malondialdehyde levels were determined by thiobarbituric acid reaction, as described by Yagi. (14) In the thiobarbituric acid reaction test, malondialdehyde (or malondialdehyde-like substances) react with thiobarbituric acid to produce a pink chromogen with peak absorbance at 532 nm on a spectrophotometer. The tissue levels of malondialdehyde are expressed as nmol/g of tissue.
The SOD activity was determined according to the method devised by Winterbourn et al., (15) assayed as inhibition of the photochemical reduction of nitroblue tetrazolium at 560 nm. The SOD activity is expressed as U/g of tissue.
Glutathione levels were determined by the method described by Ellman, (16) in which the level of glutathione is considered directly proportional to the rate of formation of the reduced chromogen, 5,5′-dithiobis(2-nitrobenzoic acid), as determined by measuring its absorbance at 412 nm. The results are expressed as nmol/g of tissue.
The left lung specimens were fixed in 10% buffered formalin, processed by standard techniques, and embedded in paraffin. Cross-sectional slices (5-µm thick) were taken from the middle zones of the lungs and mounted on slides. The slides were stained with hematoxylin and eosin, after which they were examined under light microscopy by a pathologist who was blinded to the groups. Lung injury was evaluated semiquantitatively with the classification system established by Koksel et al. (17) : grade 0, normal appearance; grade 1, mild-to-moderate interstitial congestion and neutrophil infiltration; grade 2, perivascular edema, partial destruction of the lung architecture, and moderate neutrophil infiltration; and grade 3, complete destruction of the lung architecture and dense neutrophil infiltration. A total of five slides from each lung sample were randomly screened, and the mean was accepted as the representative value of the sample.
All results are shown as mean ± standard deviation. The analytical results were evaluated using the Statistical Package for the Social Sciences, version 16.0 (SPSS Inc., Chicago, IL, USA). Statistical analysis was done by analysis of variance. Values of p < 0.05 were considered statistically significant.
RESULTS
As can be seen in Figure 1 , the malondialdehyde levels were significantly higher in the I/R group than in any of the other groups (p < 0.05). In addition, the malondialdehyde levels were lower in the I/R+NAC+PTX group than in the I/R+NAC and I/R+PTX groups, although the differences were not statistically significant. The SOD activity was significantly lower in the I/R group than in the control group (Figure 2) , whereas it was significantly higher in the I/R+NAC, I/R+PTX, and I/ R+NAC+PTX groups than in the I/R group (p < 0.05). Although SOD activity was highest in the I/R+NAC+PTX group, there were no significant differences among the I/R+PTX, I/R+NAC, and I/R+NAC+PTX groups in terms of SOD activity. Glutathione levels were also significantly lower in the I/R group than in the control group ( Figure  3 ), whereas they were significantly higher in the I/ R+NAC, I/R+PTX, and I/R+NAC+PTX groups than in the I/R group. Although glutathione levels were higher in the I/R+NAC+PTX group than in the I/R+NAC and I/R+PTX groups, the differences among those three groups were not significant. The mean histopathological lung scores are shown, by group, in Figure 4 . The mean I/R group score was significantly lower than was that of the I/R+NAC, I/R+PTX, and I/R+NAC+PTX groups, although lung injury scores did not differ significantly among the three treated groups. As shown in Figure 5 , interstitial inflammatory cell infiltration was markedly more pronounced in the lung samples from rats in the I/R group than in those from rats in the other groups. The lungs of I/R group rats also showed various signs of interstitial edema and hemorrhage.
DISCUSSION
Peripheral artery clamping is routinely used during orthopedic surgery or trauma, in elective and emergency procedures. Lung damage has been shown to occur following transient arterial occlusion. The ischemic damage results from a decrease in the blood flow to an organ. When blood flow is restored, more pronounced damage, known as reperfusion injury, occurs. It has been suggested that oxidative stress plays a role in the development of I/R injury. (18) Various tissue markers of oxidative stress have been measured to evaluate the effects of I/R injury. It is known that ROS, which are potent oxidizing and reducing agents that can directly damage cellular membranes by lipid peroxidation, are overproduced during oxidative stress. (19) Peroxidation of endogenous lipids leads to the conversion of reduced glutathione to glutathione-disulfide. (20) Malondialdehyde is an end product derived from the peroxidation of polyunsaturated fatty acids and related esters. Therefore, tissue levels of malondialdehyde are a valid reflection of lipid peroxidation. Another line of cellular defense against free radicals is a system of three enzymes, SOD, catalase, and glutathione peroxidase. SOD catalyzes the conversion of superoxides to hydrogen peroxide, which is subsequently converted to water and oxygen by catalase or glutathione peroxidase. Because it plays such a key role in cellular defense against free radicals, SOD is also an important indicator of the oxidative state. (21) The glutathione precursor NAC is a small molecule containing a thiol group, which has antioxidant properties, and is freely filterable with ready access to intracellular compartments. (22) The diversity of pharmacological applications of NAC is due mainly to the chemical properties of the cysteinyl thiol group of its molecule, the ability of reduced thiol groups to scavenge oxygen free radicals having been well established. (23) (24) (25) In addition, NAC has a variety of anti-inflammatory effects. (26, 27) In previous rat studies, the administration of NAC at doses of approximately 400 mg/kg has been shown to protect organs against oxidative damage. (28, 29) In the present study, we found that NAC administration after ischemia (prior to reperfusion) resulted in lower malondialdehyde levels, greater SOD activity, and higher glutathione levels in comparison with no treatment. In other words, NAC effectively attenuated the I/R-induced increase in the level of malondialdehyde.
Pentoxifylline is a methylxanthine derivative with multiple hemorheological properties. Pentoxifylline acts by increasing intracellular cyclic adenosine monophosphate on red blood cells, thus improving oxygen delivery to ischemic tissues, increasing cyclic adenosine monophosphate on polymorphonuclear leukocytes, and decreasing oxygen free radical production. (30) (31) (32) (33) Recent reports suggest that pentoxifylline can enhance the chemotactic response of neutrophils, as well as inhibiting phagocytosis and superoxide production by neutrophils and monocytes. (34) Those findings have translated into clinical benefits, pentoxifylline having been used in order to attenuate I/R injury in patients with lung, intestinal, or kidney damage. (31) Previous studies have shown that supplementation with 50 mg/kg of pentoxifylline has the beneficial effect of reducing oxidative stress and inflammatory indices in I/R-induced spinal cord injury and fatty liver disease. (35, 36) In the present study, pentoxifylline administration after ischemia (prior to reperfusion) resulted in lower malondialdehyde levels, greater SOD activity, and higher glutathione levels in comparison with no treatment.
In conclusion, the significant I/R-induced increase in malondialdehyde levels, decrease in glutathione levels, and destructive appearance on histology of the lung suggest that skeletal muscle I/R-induced lung injury is mediated by oxidative reactions. The results of our study confirm that pentoxifylline and NAC are both protective against I/R injury. These effects might be, at least in part, due to the inhibition of ROS production. To our knowledge, this was the first study to compare the effects of these two substances on remote lung injury. We found that the antioxidant properties of pentoxifylline were comparable to those of NAC. However, we observed no additional effect when the two were administered in combination. Further studies are needed in order to determine the clinical importance of treatment with pentoxifylline and NAC, especially regarding the possible mechanisms other than ROS scavenging. Such treatments might prove effective for enhancing protection of the lungs after lower-limb I/R.
